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The serine/threonine kinase mTORC1 regulates cellular homeostasis in response to many cues, such as nutrient status and en-
ergy level. Amino acids induce mTORC1 activation on lysosomes via the small Rag GTPases and the Ragulator complex, thereby
controlling protein translation and cell growth. Here, we identify the human 11-pass transmembrane protein SLC38A9 as a
novel component of the Rag-Ragulator complex. SLC38A9 localizes with Rag-Ragulator complex components on lysosomes and
associates with Rag GTPases in an amino acid-sensitive and nucleotide binding state-dependent manner. Depletion of SLC38A9
inhibits mTORC1 activity in the presence of amino acids and in response to amino acid replenishment following starvation.
Conversely, SLC38A9 overexpression causes RHEB (Ras homolog enriched in brain) GTPase-dependent hyperactivation of
mTORC1 and partly sustains mTORC1 activity upon amino acid deprivation. Intriguingly, during amino acid starvation mTOR
is retained at the lysosome upon SLC38A9 depletion but fails to be activated. Together, the findings of our study reveal SLC38A9
as a Rag-Ragulator complex member transducing amino acid availability to mTORC1 activity.

The mechanistic target of rapamycin complex 1 (mTORC1)
regulates cell growth and metabolism; therefore, its activity

often is altered in cancer (1). mTORC1 comprises several sub-
units, including the serine/threonine kinase mTOR, regulatory-
associated protein of mTOR (RPTOR), mammalian lethal with
SEC13 protein 8 (MLST8), AKT1 substrate 1 (AKT1S1), and DEP
domain containing mTOR-interacting protein (DEPTOR) (2, 3).
The mTORC1 complex serves as a platform to integrate upstream
signals, such as the nutritional state, growth factors, and energy
level. Some of these signals, for example, insulin stimulation or
low energy levels, are converged by phosphorylation of the tuber-
ous sclerosis complex (TSC), as reviewed in reference 4. The TSC
is composed of the proteins TSC1, TSC2, and TBC1D7 and acts as
a GTPase-activating protein (GAP) for the small GTPase RHEB
(Ras homolog enriched in brain), stimulating the transition from
its active GTP-bound to its inactive GDP-bound state (5–7).
RHEB is anchored to endomembranes, especially to lysosomes,
via its prenylated C-terminal CAAX box motif and promotes
mTORC1 kinase activity in its GTP-bound state (8–14).

Nutrient sensing is a key upstream signal for mTORC1 regula-
tion, as growth factors or hormones are not sufficient to fully
activate mTORC1 (9, 15). Whereas mTOR is dispersed within the
cell upon amino acid starvation, amino acid replenishment redis-
tributes mTOR to active, GTP-bound RHEB at the lysosomal sur-
face (9). mTOR translocation is differentially regulated by the
family of heterodimeric small Rag (Ras-related GTP binding)
GTPases, which consists of four highly similar mammalian homo-
logues (RagA, RagB, RagC, and RagD) (9, 16–19). Recruitment of
mTOR to the lysosome is promoted by GTP-bound RagA/B and
GDP-bound RagC/D, whereas it is inhibited by GDP-bound
RagA/B and GTP-bound RagC/D (20). In turn, Rag proteins
themselves are regulated by GAPs and guanine nucleotide ex-
change factors (GEFs). While the GATOR1 (GAP activity toward
Rags) complex exhibits GAP activity toward RagA/B (21), FLCN
(folliculin) and its interacting partners, FNIP1 (folliculin-inter-
acting protein 1) and FNIP2, act on RagC/D (20). In addition, LRS
(leucyl-tRNA synthetase) specifically stimulates GTP hydrolysis
of RagD (22). The respective Rag GEF complex, termed Ragulator,

is composed of 5 subunits (LAMTOR1 to -5) and executes GEF
activity toward RagA/B (23). Additionally, Ragulator anchors Rag
heterodimers to the lysosomal surface via its myristoylated sub-
unit, LAMTOR1/p18 (16, 23). The binding capabilities of the Rag
proteins to their respective GAPs or GEFs are influenced by the
cellular amino acid status. For example, amino acid supply pro-
motes LRS interaction with RagD, leading to its GTP hydrolysis
and the subsequent increase in lysosomally localized and activated
mTORC1 (22). In contrast, the interaction between Rag proteins
and Ragulator subunits or folliculin-FNIP1/2 is strengthened
upon amino acid starvation, while mTORC1 kinase activity is in-
hibited (16, 20). Furthermore, depletion of GATOR1 leads to
mTORC1 hyperactivation and renders cells resistant to amino
acid removal (21). In addition, lysosomal translocation and acti-
vation of mTORC1 upon amino acid stimulation requires the
vacuolar H�-ATPase ATPase (v-ATPase), which hydrolyzes ATP
to produce a proton gradient across the lysosomal membrane and
binds Ragulator in an amino acid-sensitive manner (24). Besides
these recent advances in our understanding of this complex sig-
naling cascade, the exact mechanism by which amino acids are
sensed to control mTORC1 remains elusive.

We identified SLC38A9, a predicted 11-pass membrane pro-
tein and member of the solute carrier family 38 (SLC38) of sodi-
um-coupled amino acid transporters, as a component of the
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Rag-Ragulator machinery. Interaction proteomics revealed the
association of SLC38A9 with RRAGB, RRAGC, and most compo-
nents of the Ragulator complex using overexpressed or endoge-
nous proteins. While the 119-amino-acid (aa)-long cytoplasmic
tail of SLC38A9 was sufficient to mediate these associations inde-
pendent of the amino acid status of the cell, binding of full-length
SLC38A9 to RRAGA and RRAGC was increased upon amino acid
starvation. SLC38A9 localized with LAMP2 and RRAGC as well as
LAMTOR2 and LAMTOR5 on lysosomes. SLC38A9 depletion by
RNA interference (RNAi) decreased mTORC1 activity, as moni-
tored by the phosphorylation status of mTORC1 substrates in fed
and amino acid-replenished cells. SLC38A9 overexpression
caused RHEB GTPase-dependent mTORC1 hyperactivation and
rendered cells partly insensitive to amino acid starvation. Intrigu-
ingly, we observed increased lysosomal translocation of mTOR in
amino acid-starved cells depleted of SLC38A9. During the prepa-
ration of this report, two papers reported the role of SLC38A9 as a
new component of the Rag GTPase-Ragulator amino acid-sensing
machinery (25, 26). Through extensive biochemical studies, Reb-
samen et al. and Wang et al. demonstrated that SLC38A9 is an
amino acid transporter and regulates amino acid-dependent
mTORC1 activity via the Rag-Ragulator complex (25, 26). Thus,
we are the third group independently confirming and extending
these findings. Collectively, we propose that SLC38A9 controls
mTORC1 activity through binding to the Rag-Ragulator complex
at the lysosome upon amino acid availability.

MATERIALS AND METHODS
Antibodies. Antibodies used included anti-4EBP1 (9644; Cell Signaling);
anti-phospho-4EBP1 (Ser65) (9451; Cell Signaling); anti-Deptor (11816; Cell
Signaling); anti-green fluorescent protein (anti-GFP) (11814460001; Roche);
anti-hemagglutinin (anti-HA) (MMS-101P [Covance] and 11867423001
[Roche]); anti-LAMP2 (ab25631; Abcam); anti-mTOR (2983; Cell Signal-
ing); anti-myc (sc-40; Santa Cruz); anti-RRAGB (8150; Cell Signaling); anti-
RRAGA, anti-RRAGC, and anti-LAMTOR2 (Rag and LAMTOR antibody
sampler kit; 8665; Cell Signaling); anti-PCNA (sc-7907; Santa Cruz); anti-
S6K (9202; Cell Signaling); anti-phospho-S6K(Thr389) (9234; Cell Signal-
ing); anti-SLC38A9 (HPA043785; Sigma-Aldrich); anti-ULK1 (8054; Cell
Signaling); and anti-phospho-ULK1(Ser757) (6888; Cell Signaling).

Plasmids. PCR products generated from open reading frames (ORFs)
(obtained from the human ORFeome collection) were cloned into the
Gateway pDONR223 entry vector. PCR was used for the mutagenesis of
plasmids (RRAGB Q99L, RRAGB T75L, RRAGC Q120L, and RRAGC
S54L) according to the manufacturer’s instructions (KOD hot start DNA
polymerase; Merck Millipore). After sequence verification, cDNAs were
subcloned into Gateway destination vectors for mammalian expression.
The pHAGE-N-Flag-HA, MSCV-i(N-Flag-HA)-IRES-PURO, pDEST-
MYC, and pHAGE-N-GFP vectors were used for transient transfection of
293T cells. Stable 293T-REx or 293T cells were generated by retroviral
transduction of MSCV-i(N-Flag-HA)-IRES-PURO or lentiviral trans-
duction of a GIPZ nonsilencing short hairpin RNA (shRNA) control
(RHS4346; GE Healthcare), GIPZ shRHEB 1 (GGGTGATCAGTTATGA
AGA), or GIPZ shRHEB 2 (TCAGACATACTCCATAGAT), followed by
selection with antibiotics.

Cell culture. HEK-293T or HEK-293T-REx cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mM glutamine, and antibiotics and main-
tained at 37°C and 5% CO2. Expression of HA-tagged proteins in 293T-
REx cell lines was induced by the addition of doxycycline (4 �g/ml;
Sigma) 24 to 48 h before harvesting. The following reagents were used:
Torin1 (250 nM; Tocris) and cycloheximide (2 �g/ml; Calbiochem).

Amino acid starvation. Amino acid-free RPMI medium (RPMI 1640
medium without amino acids; Biomol) was prepared according to the

manufacturer’s instructions (pH 7.4). For amino acid starvation, cells
were washed three times with and then incubated in amino acid-free
RPMI medium for 50 min. When indicated, cells were stimulated with
amino acids for 50 min (fed) or 10 min (replenishment) by the addition of
amino acid-free RPMI medium supplemented with RPMI 1640 amino
acid solution (50�; Biomol), such that the final amino acid concentration
was the same as that in standard RPMI medium. For individual amino
acid replenishment, amino acid-free RPMI medium was supplemented
with glutamine (200 �M; Life Technologies), arginine (114 �M; Sigma),
or leucine (38 �M; Sigma).

Transfection-based experiments. Cells were reverse transfected
with short interfering RNAs (siRNAs) targeting human SLC38A9 (Life
Technologies and Dharmacon) or control siRNA (Stealth RNAi siRNA
negative control, Med GC [Life Technologies], and ON-TARGETplus
nontargeting pool [Dharmacon]) using Lipofectamine RNAiMax (Life
Technologies) according to the manufacturer’s instructions and typi-
cally harvested 72 h after transfection. siRNA sequences were the fol-
lowing (5= to 3=): SLC38A9 1, ACCATGATGGGAACATCTATACTAA
(HSS135864); SLC38A9 2, ACACTGAAGGATACGGTAA (J-007337-
17). Plasmids were transfected using Lipofectamine 2000 (Life Tech-
nologies) or PEI (polyethylenimine; Polysciences Europe GmbH) ac-
cording to standard protocols.

Immunoblotting. Proteins were separated by SDS-PAGE (4 to 20%
gels [Bio-Rad] or self-casted 8% and 12% gels) and transferred to nitro-
cellulose membranes (0.45 �m; NitroBind; Fisher Scientific). Membranes
were blocked with TBS-T (20 mM Tris, 150 mM NaCl, 0.1% Tween 20)
containing 5% bovine serum albumin (BSA) (Sigma) or 5% low-fat milk
(Roth). Blots were incubated with primary antibodies in blocking buffer
at 4°C overnight, and secondary antibodies (anti-mouse antibody– horse-
radish peroxidase [HRP] [Promega], anti-rabbit antibody–HRP [Pro-
mega], anti-mouse IgG1(�) [ab99617; Abcam], anti-mouse IgG1 heavy
chain [ab97240; Abcam], and anti-rat antibody–HRP [Dianova]) were
added for 1 h after washing with TBS-T.

IP. Expression of HA-tagged proteins was induced by the addition of 4
�g/ml doxycycline (Sigma) or by transient transfection. Forty-eight hours
posttransfection or 24 h postinduction, cells were harvested and stored at
�80°C. Cell pellets were lysed as indicated in ice-cold MCLB NP-40 buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 0.5% NP-40), MCLB 3-[(3-chol-
amidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS) buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 0.3% CHAPS), or HEPES buffer
(1% NP-40, 50 mM HEPES, pH 7.4, 250 mM NaCl, 5 mM EDTA) sup-
plemented with cOmplete EDTA-free protease inhibitor tablets (Roche)
and phosphatase inhibitor (PhosSTOP; Roche) and incubated on ice for
30 min. Cell debris was removed from lysates by centrifugation, and the
supernatant was subjected to immunoprecipitation (IP) with preequili-
brated anti-HA–agarose (Sigma) or anti-GFP-resin (ChromoTek) over-
night at 4°C. Afterwards, agarose beads were washed three times with
MCLB buffer, and bound proteins were eluted by the addition of 4�
Laemmli buffer with or without boiling at 95°C for 5 min. Samples then
were analyzed by SDS-PAGE and immunoblotting.

Endogenous immunoprecipitation. 293T cells were lysed in HEPES
buffer for 30 min on ice. Cell debris was removed by centrifugation, and
lysates were precleared by the addition of protein A/G plus agarose beads
(Santa Cruz) for 1 h at 4°C. Precleared lysates were incubated with the
indicated antibodies overnight at 4°C, followed by the addition of agarose
beads for 2 h. After washing with HEPES buffer three times, proteins were
eluted by the addition of 4� Laemmli buffer and boiling at 95°C for 5 min.
Proteins were separated by SDS-PAGE and analyzed by immunoblotting
or subjected to in-gel trypsin digestion and mass spectrometry (MS) anal-
ysis.

MS-based proteomics. Expression of HA-tagged bait proteins in
293T-REx cells was induced for 24 h with 4 �g/ml doxycycline (Sigma) in
four 15-cm cell culture dishes per condition. Cells were washed and har-
vested with ice-cold phosphate-buffered saline (PBS), followed by storage
at �80°C or immediate lysis in 4 ml MCLB buffer. Cell debris was re-

Jung et al.

2480 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://mcb.asm.org


A

B

bait

HCIP

WDN-score

NP40-IP
CHAPS-IP

1 10

LAMTOR3

LAMTOR2

WDR35

PPOX

LAMTOR1

FNTB

RRAGB

LAMTOR5

LMAN2 ACSL1

RRAGA

RRAGC

RRAGD

MIOS

PPM1B

RPTOR

SLC38A9

GORASP2MTOR TSC1 MLH1TUBA1C LMAN1

POTEF POTEETPM2 DYRK1A LAMTOR3

RRAGC

RRAGB

LAMTOR5

TSC1

RPL26L1 FLNC

TSC2

RPAP3 MLF2KIF27

TBC1D7

POTEE

SLC38A9
LAMTOR2

LAMTOR1

RRAGB

BLOC1S2

LAMTOR4

RRAGD

RRAGC

ANXA6 STAMBPL1 TUBB4QPNP MTORACO2MDH1 FCHO2 RPS27A RPTOR

AP1B1

LOH12CR1BLOC1S1 SNAPIN KXD1C10orf32C17orf59

LAMTOR5 LAMTOR3

C

FIG 1 Interaction proteomics of regulatory mTORC1 components. (A to C) Grouped interaction network schemes obtained by IP-MS analysis of 12 baits
consisting of the Rag GTPases (A), all Ragulator subunits (B), and TSC (C) and their high-confidence candidate interacting proteins (HCIPs; average APSM of
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(dashed lines) buffer is indicated. See Table S1A and B and Fig. S1 in the supplemental material for complete proteomic data.
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moved from the lysates by centrifugation, and supernatants were passed
through 0.45-�m spin filters (Millipore). Anti-HA–agarose (60-�l slurry;
Sigma) was added to lysates for immunoprecipitation overnight, with
rotation, at 4°C. Samples were washed five times with 1 ml MCLB, fol-
lowed by five washes with PBS and elution with 150 �l HA peptide (250
�g/ml; Sigma). Eluted immune complexes were processed and analyzed
essentially as previously described (27, 28). Briefly, proteins were precip-
itated with trichloroacetic acid (Sigma) followed by digestion with trypsin
(Promega) and desalting by stage tips. Samples were analyzed in technical
duplicates on an LTQ Velos (Thermo Scientific). Spectra were identified
by Sequest searches, followed by target decoy filtering and linear discrim-
inant analysis as described in reference 29. Peptides that could be assigned
to more than one protein in the database were assembled into proteins
according to parsimony principles. For CompPASS analysis, we employed
215 unrelated bait proteins that all were previously processed in the same
way (27, 28). Weighted and normalized D scores (WDN scores) were
calculated based on average peptide spectral matches (APSMs). Proteins
with WDN of �1 and APSM of �3 were considered high-confidence
candidate interacting proteins (HCIPs).

In-gel trypsin digestion. After SDS-PAGE, gels were silver stained
(SilverQuest staining kit; Life Technologies) according to the manufac-
turer’s instructions, and then whole lanes were cut and washed three times
with 50 mM ammonium bicarbonate (ABC) containing 50% acetonitrile
(ACN), followed by dehydration for 10 min with ACN and reduction for
45 min at 56°C with 10 mM dithiothreitol (DTT) in 20 mM ABC. For
alkylation, gel pieces were incubated with 55 mM iodoacetamide in 20
mM ABC for 30 min in the dark and then washed two times with 5 mM
ABC containing 50% ACN, followed by dehydration with ACN and vac-
uum centrifugation. Subsequently, gel pieces were incubated with 12.5
ng/�l trypsin in 20 mM ABC overnight and eluted three times with in-
creasing ACN concentrations. Desalting by stage tips and mass spectro-
metric analysis were performed on an LTQ Velos. Spectra were identified
as described above.

RNA isolation, cDNA synthesis, and RT-qPCR. Total RNA from 293T
cells was isolated using a High Pure RNA isolation kit (Roche) and then
reverse transcribed into cDNA with a Transcriptor first-strand cDNA synthe-
sis kit (Roche). Real-time quantitative PCR (RT-qPCR) was performed on a
LightCycler 480 (Roche) employing LightCycler 480 SYBR green I master
with specific primers for SLC38A9 (qPCR_SLC38A9_for, CAGTTTGAGCC
ATCGGATCT; qPCR_SLC38A9_rev, GGTGAGCCGGCTGTAGTAAT)
or RHEB GTPase (qPCR_RHEB_for, TACCGGTCTGTGGGGAAATC;
qPCR_RHEB_rev, TATTCATCTTGCCCGGCTGT). Relative SLC38A9 or
RHEB mRNA expression was normalized to the geometrical mean of
three reference genes (ACTB, HMBS, and TBP; qPCR_ACTB_for, CG
GGAAATCGTGCGTGACATTAAG; qPCR_ACTB_rev, TGATCTCC
TTCTGCATCCTGTCGG; qPCR_HMBS_for, CCCTGGAGAAGAAT
GAAGTGG; qPCR_HMBS_rev, TTCTCTGGCAGGGTTTCTAGG;
qPCR_TBP_for, CACCTTACGCTCAGGGCTT; qPCR_TBP_rev, TA
TTGGTGTTCTGAATAGGCTGTG).

Immunofluorescence. 293T or 293T-REx cells were seeded on poly-
L-lysine-coated 384-well plates (PerkinElmer) and fixed with 4% parafor-
maldehyde after siRNA or plasmid transfections. Cells were permeabil-
ized with 0.5% Triton X-100 in PBS (10 min), followed by blocking with

1% BSA in PBS for 1 h. Primary and secondary antibodies, as well as
nuclear and cytoplasmic staining reagents (Alexa fluor-coupled antibod-
ies; Life Technologies), anti-rat antibody–Cy3 (Jackson ImmunoRe-
search), DRAQ5 (Cell Signaling), and HSC CellMask deep-red stain (Life
Technologies), were incubated in 0.1% BSA in PBS for 1 h with three
washes of PBS in between. For double stainings, antibodies were incu-
bated sequentially. Images were acquired on PerkinElmer’s Opera high-
content screening system with a 60� water immersion objective and vi-
sualized with Acapella high-content imaging analysis software
(PerkinElmer). To assess mTOR translocation, the number of mTOR- or
LAMP2-positive spots per cell were automatically counted using Acapella
software. For the calculation of Pearson’s correlation coefficient, pixel
intensity in different channels of the overlay image was measured along a
line in ImageJ and analyzed with GraphPad Prism and Excel.

Statistical analysis. Data represent means � standard errors of the
means (SEM), and statistical analysis was performed using GraphPad
Prism. Statistical significance was determined with two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc test.

RESULTS
SLC38A9 associates with the Rag-Ragulator complex. Given the
complexity in the upstream regulation of mTORC1, we set out to
systematically explore the cluster of regulatory components
that control mTORC1 activity. To perform interaction pro-
teomics within this metabolic checkpoint hub, we generated a
panel of 293T-REx cells stably expressing inducible hemagglu-
tinin (HA)-tagged subunits of Ragulator (LAMTOR1, LAM-
TOR2, LAMTOR3, LAMTOR4, and LAMTOR5), members of
the Rag GTPases family (RRAGA, RRAGB, RRAGC, and
RRAGD), TSC components (TSC1, TSC2, and TBC1D7), and the
mTORC1 subunit Raptor. Lysates derived from these cells were
subjected to parallel HA-immunoprecipitations (IP), followed by
peptide elution, trypsin digestion, and analysis by liquid chroma-
tography-tandem mass spectrometry (LC-MS/MS). Mass spectral
data were processed using the CompPASS platform to identify
high-confidence candidate interacting proteins (HCIPs) of each
bait protein (27, 28) (Fig. 1A to C; also see Fig. S1 and Table S1A
and B in the supplemental material). Raptor served as a quality
control for our approach and was able to retrieve all known
mTORC1 subunits, as well as mTORC1 substrates, with high con-
fidence (see Fig. S1A). As expected, a high degree of reciprocal
interconnectivity was detected between Rag and LAMTOR pro-
teins using two different lysis buffer conditions (Fig. 1A and B,
NP-40 [solid lines] and CHAPS [dashed lines]; also see Fig. S1B to
J). In addition, Rag-Ragulator complex subunits were found asso-
ciated with Raptor and TSC components (Fig. 1C; also see Fig. S1A
and K to M). Conversely, several Ragulator members shared asso-
ciations with the biogenesis of lysosome-related organelles com-
plex 1 (BLOC-1) components BLOC1S1 and BLOC1S2, SNAPIN
(SNAP-associated protein), and KXD1 (KxDL motif containing

FIG 2 SLC38A9 associates with the Rag-Ragulator complex. (A) Overview of the regulatory mTORC1 interaction network obtained by IP-MS analysis of
14 baits consisting of Raptor, TSC, LAMTOR1-5, and Rag GTPases, as well as SLC38A9. Functional groups and lysis buffer are coded as described in the
legend to Fig. 1. SLC38A9 HCIPs are marked by black edging. Interactions with full-length SLC38A9 or its N-terminal fragment (aa 1 to 119) are indicated
in black and gray, respectively. Schematic representation of the domain structure of SLC38A9 is provided. See Table S1A and B and Fig. S1 in the
supplemental material for complete proteomic data. (B) 293T-REx cells inducibly expressing HA-tagged components of the Rag-Ragulator complex or
TSC2 were transfected with GFP-SLC38A9 or left untransfected (mock). NP-40 cell lysates were subjected to immunoprecipitation with anti-GFP or
anti-HA beads as indicated and analyzed by SDS-PAGE and immunoblotting. *, IgG heavy chain. (C and D) 293T cells were lysed with HEPES buffer
followed by immunoprecipitation with anti-SLC38A9, anti-RRAGC, or anti-myc as a control. Coimmunoprecipitated proteins were separated by
SDS-PAGE and analyzed by immunoblotting (C) or subjected to in-gel trypsin digestion and mass spectrometric analysis (D). The number of peptides is
shown from 0 to 15 peptides per protein. Immunoprecipitated bait proteins are marked by red edging. See Table S1C in the supplemental material for
complete proteomic data.
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1), as well as with the uncharacterized proteins C17orf59,
C10orf32, and LOH12CR1 (Fig. 1B). The Rag GTPase subnetwork
revealed Raptor, the GATOR2 subunit MIOS, and the protein
phosphatase 1B (PPM1B) as common interactors (Fig. 1A). Fur-
thermore, RRAGC interacted with the two endoplasmic reticu-
lum Golgi intermediate compartment (ERGIC)-localized pro-
teins LMAN1 and LMAN2 (lectin mannose-binding 1 and 2,
respectively), as well as with GORASP2 (Golgi reassembly stack-
ing protein 2), a protein located at the Golgi membrane (Fig. 1A;
also see Fig. S1J). Several transport proteins, like FLNC (filamin C)
or KIF27 (kinesin family member 27), additionally were revealed
in the TSC network (Fig. 1C; also see Fig. S1K to M).

Within the combined Raptor-TSC-Rag-LAMTOR interaction
network, our attention was drawn to SLC38A9, which is a member
of the solute carrier family 38 (SLC38) of sodium-coupled amino
acid transporters. SLC38A9 was identified as the HCIP of RRAGA,
RRAGB, and RRAGC, as well as of the Ragulator subunit
LAMTOR4 (Fig. 1A and B; also see Fig. S1E, G, H, and J in the
supplemental material). In addition, SLC38A9 also associated
with LAMTOR1 and LAMTOR3, albeit without passing the strict
threshold for HCIP determination (see Table S1A). Reciprocal
IP-MS analysis of HA-tagged SLC38A9 confirmed the interaction
with Rag GTPases and Ragulator components and revealed several
other associating proteins which are known to be involved in vesicu-
lar transport, such as TTC15 (TPR repeat protein 15; also known as
TRAPPC12 [trafficking protein particle complex 12]), SURF4 (sur-
feit 4), SCAMP1 (secretory carrier membrane protein 1), BCAP31
(B-cell receptor-associated protein 31), MIA3 (melanoma inhibitory
activity family, member 3), and RAB11FIP1 (RAB11 family interact-
ing protein 1 [class I]) and RAB11FIP2 (Fig. 2A). These proteins may
participate in the trafficking of SLC38A9 from the endoplasmic retic-
ulum to lysosomes.

To further validate the interaction of SLC38A9 with Rag and
LAMTOR proteins, we performed a series of reciprocal immu-
noprecipitation experiments followed by immunoblotting.
HA-tagged RRAGA, RRAGC, LAMTOR2, LAMTOR3, and
LAMTOR4 efficiently pulled down GFP-tagged SLC38A9 and vice
versa (Fig. 2B). TSC2, which is an upstream regulator of mTORC1
(30, 31), was employed as a negative control and did not associate
with SLC38A9 (Fig. 2B). Immunoprecipitation with anti-
SLC38A9 or anti-RRAGC antibodies confirmed the association of
SLC38A9 and RRAGC at endogenous levels (Fig. 2C). Subsequent
MS analysis further verified the endogenous interaction of
SLC38A9 with almost all members of the Rag-Ragulator complex,
as well as with MIA3 and RAB11FIP1 (Fig. 2D). Collectively, these
data provide strong evidence that SLC38A9 associates tightly with
components of the Rag-Ragulator complex.

The cytosolic tail of SLC38A9 is sufficient to mediate associ-
ation with the Rag-Ragulator complex. SLC38A9 is predicted to
encompass 11 transmembrane domains (32) and a 119-aa-long
N-terminal tail that faces the cytoplasm (Fig. 2A). To determine
which part of SLC38A9 mediates association with Rag and
LAMTOR proteins, we transiently expressed full-length SLC38A9
and the N-terminal cytosolic fragment (aa 1 to 119) as GFP fu-
sions in stable 293T-REx cells inducibly expressing HA-tagged
Rag or LAMTOR proteins. Immunoprecipitation experiments
demonstrated that binding of SLC38A9 to RRAGA, RRAGB, and
LAMTOR1 was retained or even enhanced only when the N-ter-
minal fragment was employed (Fig. 3). We also subjected lysates
derived from cells inducibly expressing the N-terminal cytosolic

fragment of SLC38A9 to IP-MS analysis. LAMTOR1, LAMTOR2,
LAMTOR3, and LAMTOR5, as well as RRAGB and RRAGC, as-
sociated with the first 119 amino acids of SLC38A9 (Fig. 2A, gray
arrows). Thus, these results suggest that the N-terminal soluble
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part of SLC38A9 is sufficient for associating with several subunits
of the Rag-Ragulator complex.

SLC38A9 localizes to lysosomes. Given that SLC38A9 associ-
ates with Rag and LAMTOR proteins, which peripherally reside
on lysosomes, we examined the subcellular localization of
SLC38A9. While GFP-tagged SLC38A9 localized to LAMP2-pos-
itive vesicles with strong positive correlation (Pearson’s correla-
tion coefficient [R] of 0.9), the N-terminal fragment lacking all
transmembrane domains was dispersed mainly in the cytosol and
the nucleus (Fig. 4A). However, a small fraction of GFP-tagged
SLC38A9 (aa 1 to 119) also colocalized to LAMP2-positive vesicles
still maintaining intermediate positive correlation (R � 0.56),
possibly due to interactions with components of the Rag-Ragula-
tor complex (Fig. 4A). Moreover, endogenous SLC38A9 and
LAMP2 were detected together in punctuated vesicular structures
throughout the cytosol with strong positive correlation (R � 0.88)
(Fig. 4B). Notably, RNAi-mediated depletion of SLC38A9 re-
vealed that this vesicular staining of the antibody was specific for

SLC38A9 (Fig. 4B) with no correlation between the remaining
unspecific nuclear staining of SLC38A9 and LAMP2 (R � 0.12).
Thus, SLC38A9 is a lysosomal transmembrane protein.

Localization and association of SLC38A9 with the Rag-Ragu-
lator complex are differentially affected by amino acids. Since
Rag GTPases and Ragulator regulate mTORC1 activity in an
amino acid-dependent manner, we monitored the dynamics of
SLC38A9 localization and associations with components of the
Rag-Ragulator complex in amino acid-starved (amino acid star-
vation medium) and fed (amino acid starvation medium comple-
mented with amino acids) conditions. Confocal microscopy re-
vealed that endogenous SLC38A9 colocalized with HA-tagged
RRAGC, LAMTOR2, and LAMTOR5, as well as with endogenous
LAMP2, irrespective of the cellular amino acid status and with
strong positive correlation (0.82 � R � 0.97) (Fig. 5). The speci-
ficity of the vesicular SLC38A9 staining was confirmed by siRNA-
mediated depletion of SLC38A9, which dramatically decreased
the correlation (�0.65 � R � 0.20) (Fig. 5). Notably, amino acid

A

anti-SLC38A9 anti-LAMP2 merge + DRAQ5

si
S

LC
38

A
9 

#1
si

co
n

B

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.90 

LAMP2
GFP-SLC38A9

GFP-SLC38A9 anti-LAMP2 merge + DRAQ5

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.56

LAMP2
GFP-SLC38A9 aa 1-119

GFP-SLC38A9 aa 1-119 anti-LAMP2 merge + DRAQ5

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.88 

LAMP2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.12 

LAMP2
SLC38A9

FIG 4 SLC38A9 localizes to lysosomes. (A) 293T cells transfected with GFP-SLC38A9 full length or GFP-SLC38A9 aa 1 to 119 were fixed and stained with
anti-LAMP2 antibody. Scale bar, 10 �m. Pearson’s correlation coefficient (R) was calculated in Excel after measuring pixel intensity in different channels of the
overlay image along a line in ImageJ. A.U., arbitrary units. (B) 293T cells transfected with nontargeting control (sicon) or SLC38A9 siRNA were fixed and labeled
with anti-SLC38A9 and anti-LAMP2 antibodies. Scale bar, 10 �m. R was calculated as described for panel A.

Amino Acid-Dependent mTORC1 Regulation by SLC38A9

July 2015 Volume 35 Number 14 mcb.asm.org 2485Molecular and Cellular Biology

http://mcb.asm.org


H
A

-L
A

M
TO

R
2

fe
d

am
in

o 
ac

id
 s

ta
rv

ed

H
A

-L
A

M
TO

R
5

fe
d

am
in

o 
ac

id
 s

ta
rv

ed

anti-SLC38A9 anti-HA merge 

H
A

-R
R

A
G

C
 

sicon

fe
d

fe
d

am
in

o 
ac

id
 s

ta
rv

ed

anti-SLC38A9 anti-LAMP2 merge 

am
in

o 
ac

id
 s

ta
rv

ed

29
3T

 
siSLC38A9 #1

merge 

merge 

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.85 

HA-RRAGC
SLC38A9

R = -0.59 
0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.] HA-RRAGC

SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.97 

HA-RRAGC
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = -0.34 

HA-RRAGC
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.96 

HA-LAMTOR2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = -0.31 

HA-LAMTOR2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.95 

HA-LAMTOR2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = -0.30 

HA-LAMTOR2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = -0.65 

HA-LAMTOR5
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.93 

HA-LAMTOR5
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.16 

HA-LAMTOR5
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.82 

HA-LAMTOR5
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.90 

LAMP2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.93 

LAMP2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = -0.11 

LAMP2
SLC38A9

0
50
100
150
200
250

pi
xe

l I
nt

en
si

ty
 [A

.U
.]

R = 0.20 

LAMP2
SLC38A9

FIG 5 Amino acid-independent colocalization of SLC38A9 with the Rag-Ragulator complex. 293T or 293T-REx cells inducibly expressing HA-tagged compo-
nents of the Rag-Ragulator complex were transfected with control (sicon) or SLC38A9 siRNA. Prior to fixation and labeling with anti-HA or anti-LAMP2 and
anti-SLC38A9 antibody, cells were cultured for 50 min in full RPMI growth medium (fed) or amino acid starved. Scale bar, 10 �m. Pixel intensity was measured
in different channels of the overlay image along a line in ImageJ, and Pearson’s correlation coefficient (R) was calculated in Excel.

2486 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://mcb.asm.org


starvation induced clustering of LAMP2 (33)- and SLC38A9-pos-
itive lysosomes, and overexpressed HA-RRAGC, HA-LAMTOR2,
and HA-LAMTOR5 colocalized to these clusters (Fig. 5).

Immunoprecipitation experiments showed that interaction of
GFP-tagged full-length SLC38A9 with HA-tagged RRAGA and
RRAGC was markedly enhanced upon amino acid starvation. In
contrast, binding of GFP-tagged SLC38A9 aa 1 to 119 to HA-
RRAGA and HA-RRAGC was amino acid insensitive (Fig. 6A). As
described for other Rag GTPase-interacting proteins (20, 23),
binding of SLC38A9 to RRAGA/RRAGC or RRAGB/RRAGC het-
erodimers was dependent on their nucleotide states. While the
Rag GTPase mutants RRAGB-Q99L and RRAGC-S54L, which are
locked in the mTORC1 activating nucleotide states, completely
abolished the amount of coimmunoprecipitated SLC38A9 com-
pared to that of wild-type RRAGB/RRAGC, binding of SLC38A9
was increased when the Rag GTPase mutants RRAGB-T75L and
RRAGC-Q120L, which are locked in the nucleotide binding state,
were used (Fig. 6B). Notably, SLC38A9 preferred binding to
RRAGA/RRAGC over pairing with RRAGB/RRAGC (Fig. 6B).
Overexpressed myc-tagged LAMTOR2 was found to be increas-
ingly associated with wild-type RRAGB/RRAGC and mutant
RRAGB-T75L/RRAGC-Q120L heterodimers in RNAi-medi-
ated, SLC38A9-depleted cells (Fig. 6B). Importantly, SLC38A9
depletion had no effect on the composition of Ragulator, Rag
GTPase, and mTORC1 complexes (Fig. 6C to E; also see Table
S1D in the supplemental material). Thus, SLC38A9 localizes with
the Rag-Ragulator complex at lysosomes irrespective of the nutri-
tional conditions, while the interaction between SLC38A9 and
Rag GTPases is determined by their nucleotide binding state and
additionally strengthened upon amino acid starvation dependent
on the transmembrane domain of SLC38A9.

SLC38A9 is required for mTORC1 signaling. We next exam-
ined whether mTORC1 kinase activity was regulated by SLC38A9.
In SLC38A9-depleted cells, phosphorylation of the mTORC1 sub-
strates S6K (ribosomal protein S6 kinase; 70-kDa, polypeptide 1),
4EBP1 (eukaryotic translation initiation factor 4E binding protein
1), and ULK1 (unc-51-like autophagy activating kinase 1) was
decreased, whereas their total protein levels remained unchanged
(Fig. 7A and B). Notably, knockdown of SLC38A9 was confirmed
by immunoblotting (Fig. 7A and B) and RT-qPCR (Fig. 7C). In
contrast, we observed increased phosphorylation of S6K and
ULK1 when full-length SLC38A9 or its N-terminal fragment was
overexpressed (Fig. 7D). Importantly, the hyperactivity of
mTORC1 induced by SLC38A9 overexpression was completely
abolished when cells were treated with the catalytic mTOR inhib-
itor Torin1 (Fig. 7E) and substantially reduced when the GTPase
RHEB was specifically depleted (Fig. 7F), indicating that
SLC38A9-mediated mTORC1 activation is achieved through
RHEB. Depletion of RHEB was confirmed by RT-qPCR (Fig. 7G).
Together, our data and the homology of SLC38A9 to other SLC38
class proteins (34) raise the possibility that the lysosomal trans-
membrane protein SLC38A9 functions to control mTORC1 ki-
nase activity in an amino acid-sensitive manner.

SLC38A9 regulates mTORC1 activity upon amino acid avail-
ability. To test our hypothesis, we monitored mTORC1 activity in
response to altered amino acid homeostasis in SLC38A9-depleted
or overexpressing cells. First, we treated cells with cycloheximide
(CHX), which is known to increase the intracellular pool of amino
acids (35–37). As expected, phosphorylation of ULK1 and 4EBP1
increased upon CHX treatment. However, depletion of SLC38A9

inhibited this effect completely (Fig. 8A). Second, we incubated
cells shortly (50 min) in the absence of amino acids. Compared to
fed cells, phosphorylation of ULK1 decreased upon amino acid
starvation (Fig. 8B). In contrast, amino acid starvation did not
aggravate the reduced ULK1 phosphorylation observed in
SLC38A9-depleted cells (Fig. 8B). Consistent with this, the over-
expression of SLC38A9 partially reverted the amino acid starva-
tion-induced decrease in ULK1 phosphorylation (Fig. 8C). Third,
following a short period of amino acid starvation, we replenished
all amino acids or individual amino acids known to regulate
mTORC1 activity, namely, glutamine, arginine, or leucine (15, 38,
39). In siRNA control cells, phosphorylation of ULK1 increased
under all replenishment conditions. However, in SLC38A9-de-
pleted cells, ULK1 phosphorylation only marginally increased
upon amino acid replenishment irrespective of whether all or only
individual amino acids were used (Fig. 8D). In sum, we provide
evidence that altered SLC38A9 protein levels render cells partly
insensitive to amino acid availability.

SLC38A9 is required for mTOR relocation from lysosomes to
the cytosol. In amino acid-starved cells, mTOR is dispersed
throughout the cytoplasm, while amino acid replenishment stim-
ulates mTOR recruitment from the cytoplasm to the lysosomal
surface (9). Hence, we tested whether SLC38A9 depletion influ-
enced the lysosomal localization of mTOR upon amino acid avail-
ability. Relocation of mTOR to the cytoplasm was induced by
amino acid starvation (Fig. 9A to C). Intriguingly, mTOR was
significantly retained on LAMP2-positive lysosomal clusters upon
SLC38A9 knockdown in the presence and absence of amino acids.
Depletion of Raptor served as a positive control causing cytosolic
mTOR localization (Fig. 9A and B). Notably, SLC38A9 depletion
had no effect on the number of lysosomes (Fig. 9D) or the protein
abundance of LAMP2 (Fig. 9E). Thus, these results suggest that
SLC38A9 is required to release inactivated mTORC1 from lyso-
somal membranes (Fig. 9F).

DISCUSSION

Regulation of mTORC1 by amino acids has been studied exten-
sively, and a growing number of proteins contribute to control
activity and/or localization of mTORC1. Depending on their nu-
cleotide binding state, Rag GTPases recruit mTORC1 to the lyso-
some, where mTORC1 activity is stimulated via the GTPase RHEB
(9, 13, 16), while Ragulator recruits and anchors the Rag GTPases
to the lysosome (16). Further on, interactions between Rag and
LAMTOR proteins, as well as between Rags and their GAPs and
GEFs, are dependent on the cellular amino acid status. Re-
cently, the amino acid transporter SLC38A9 has been identified
as an additional component of the Rag-Ragulator complex (25,
26). mTORC1 activation was reported to be abolished in
SLC38A9 knockout cells (26), while SLC38A9 overexpression
caused mTORC1 hyperactivation even during amino acid star-
vation (25, 26).

In this study, we systematically employed interaction proteom-
ics to identify novel proteins associating with the network of
amino acid-sensitive mTORC1 regulators. SLC38A9, an 11-pass
membrane protein and member of the solute carrier family 38
(SLC38) of sodium-coupled amino acid transporters, reciprocally
associated with several components of the Rag-Ragulator com-
plex. While the 119-aa-long N-terminal cytosolic tail that pre-
cedes the transmembrane part of SLC38A9 was sufficient to me-
diate interaction with Rag GTPases and Ragulator, full-length

Amino Acid-Dependent mTORC1 Regulation by SLC38A9

July 2015 Volume 35 Number 14 mcb.asm.org 2487Molecular and Cellular Biology

http://mcb.asm.org


A

G
FP

-S
LC

38
A

9

G
FP

-S
LC

38
A

9 
aa

 1
-1

19

G
FP

H
A

-R
R

A
G

A

-+ -+ -+

HA

GFP

HA

GFP

in
pu

t
IP

: G
FP

H
A

-R
R

A
G

C

HA

GFP

HA

GFP

in
pu

t
IP

: G
FP

aa

HA-RRAGX

75
63
48

35
25

48
35

kDa

75
63
48
35
25

48

35

75

63

48
35

25

75
63

75
63
48
35
25

75
63

si
co

n

si
S

LC
38

A
9 

#1

si
co

n

si
co

n

si
S

LC
38

A
9 

#1

si
S

LC
38

A
9 

#1

RRAGA
RRAGB
RRAGC
RRAGD
LAMTOR1
LAMTOR2
LAMTOR3
LAMTOR4
LAMTOR5
SLC38A9
mTOR
RPTOR
DEPTOR
AKT1S1
MLST8

0

number of 
peptides

100

- + - + siSLC38A9 #1

m
oc

k

H
A

-R
P

TO
R

HA (RPTOR)

DEPTOR

mTOR

HA (RPTOR)

DEPTOR

mTOR

A
H :

PI
tupn i

SLC38A9

135
180

63

48

245

135
180

63

48

245

100

kDa- + - + - + siSLC38A9 #1

m
oc

k

H
A

-R
R

A
G

C

H
A

-L
A

M
TO

R
1

HA

RRAGA

RRAGB

LAMTOR2

A
H :

PI
tupni

RRAGC

LT1

SLC38A9

HA

RRAGA

RRAGB

LAMTOR2

RRAGC

LT1

63

48

35

25

35

35

20

17

63

48

35

25

35

35

20

17

100

kDa

E

C

D

B

11

- + - + - + - + - +

mock
RB wt
RC wt

RB QL
RC SL

RB TL
RC QL

RA wt
RC wt

SLC38A9

HA
(RRAGA/B/C)

SLC38A9

HA
(RRAGA/B/C)

100

kDa

48
35

100

siSLC38A9 #1

A
H :

PI
tupni

48
35

17

11

myc 
(LAMTOR2)

myc 
(LAMTOR2)

17

myc-LAMTOR2

FIG 6 Association of SLC38A9 with Rag GTPases is amino acid and nucleotide dependent. (A) 293T-REx cells inducibly expressing HA-tagged Rag GTPase
proteins were transfected with GFP-SLC38A9 full length, GFP-SLC38A9 aa 1 to 119, or GFP alone. Cells were either grown for 50 min in full RPMI growth
medium (fed) or were amino acid (aa) starved and subsequently lysed with MCLB NP-40 for GFP immunoprecipitation. Immunoprecipitates were analyzed by
SDS-PAGE and immunoblotting. (B) 293T cells were transfected with nontargeting control (sicon) or SLC38A9 siRNAs and myc-tagged LAMTOR2, as well as
wild-type (RRAGB wild-type [RB wt], RRAGC wild-type [RC wt], RRAGA wild type [RA wt]) or mutant (RRAGB Q99L [RB QL], RRAGB T75L [RB TL],
RRAGC Q120L [RC QL], RRAGC S54L [RC SL]) HA-tagged Rag GTPase proteins, as indicated. Cells were lysed in HEPES buffer, subjected to HA-immuno-
precipitation, and analyzed as described above. (C) 293T-REx cells inducibly expressing HA-tagged RRAGC, LAMTOR1, or Raptor (marked with red edging)
were transfected with control (sicon) or SLC38A9 siRNA as indicated, followed by lysis in MCLB CHAPS buffer and immunoprecipitation with HA beads. Eluates
were analyzed by MS. The number of peptides is shown from 0 to 100 peptides per protein. See Table S1D in the supplemental material for complete proteomic
data. (D) Cells like those described for panel C were lysed in HEPES buffer followed by immunoprecipitation, SDS-PAGE, and immunoblotting. (E) Raptor
overexpressing 293T-REx cells were transfected as described for panel C, lysed in MCLB CHAPS buffer, and analyzed as described for panel D.

2488 mcb.asm.org July 2015 Volume 35 Number 14Molecular and Cellular Biology

http://mcb.asm.org


DA

em
pt

y 
ve

ct
or

H
A

-S
LC

38
A

9

H
A

-S
LC

38
A

9

p-S6K1

PCNA

S6K1

p-ULK1

ULK1

HA
(SLC38A9)

E

em
pt

y 
ve

ct
or

H
A

-S
LC

38
A

9

em
pt

y 
ve

ct
or

H
A

-S
LC

38
A

9

DMSO Torin1

p-ULK1

ULK1

p-4EBP1

4EBP1

PCNA

HA
(SLC38A9)

sic
on

siS
LC

38
A9 #

2
0.00

0.25

0.50

0.75

1.00

sic
on

siS
LC

38
A9 #

1

re
la

tiv
e 

S
LC

38
A

9 
m

R
N

A
 le

ve
ls

(n
or

m
al

iz
ed

 to
 g

eo
m

ea
n)

B

C

p-4EBP1

4EBP1

PCNA

p-S6K1

S6K1

si
co

n

si
S

LC
38

A
9 

#1

PCNA

p-ULK1

ULK1

SLC38A9

SLC38A9

75

63

75

6363

17

17

100

35

25

135
180

kDa

135
180

100

35

25

75
63

75

6363

kDa

PCNA

SLC38A9

p-4EBP1
short exp.

4EBP1

p-4EBP1
long exp.

si
co

n

si
S

LC
38

A
9 

#2

17

17

17

100

35

25

kDa

135
180

135
180

63

48

35

25

20

35

25

kDa

135
180

135
180

17

17

63
48
35
20

35

25

aa
 1

-1
19

H
A

-S
LC

38
A

9
aa

 1
-1

19

H
A

-S
LC

38
A

9
aa

 1
-1

19

GF

35

25

75

6363

kDa

75

6363

PCNA

S6K1

p-S6K1
long exp.

HA
(SLC38A9)

1# 
B

E
H

Rhs

2# 
B

E
H

Rhs

nochs

- +

sh
co

n

sh
RHEB #1

re
la

tiv
e 

R
H

E
B

 m
R

N
A

 le
ve

ls
(n

or
m

al
iz

ed
 to

 g
eo

m
ea

n)

sh
RHEB #2

0.00

0.25

0.50

0.75

1.00

- + - + HA-SLC38A9

100
75
6363

FIG 7 SLC38A9 regulates mTORC1 activity. (A and B) 293T cells were transfected with different nontargeting control (sicon) or SLC38A9 siRNAs as indicated. Cell
lysates were subjected to SDS-PAGE and immunoblotting. The phosphorylation status of S6K (A), ULK1 (A), and 4EBP1 (A and B) was determined using
phospho-specific antibodies. PCNA served as a loading control. exp., exposure. (C) SLC38A9 knockdown in panels A and B additionally was confirmed by
RT-qPCR. geomean, geometrical means. (D) 293T cells were transfected with HA-SLC38A9 full length, HA-SLC38A9 aa 1 to 119, or empty vector. Forty-eight
hours posttransfection, cells were lysed and the phosphorylation status of mTORC1 substrates was determined using phospho-specific antibodies. PCNA served
as a loading control. (E) Cells transfected as described for panel D were treated with Torin1 (1 h, 250 nM) or dimethyl sulfoxide (DMSO) as a control and analyzed
as described for panel D. (F) Stable shRNA-mediated RHEB GTPase depletion or control 293T cells were transfected with HA-SLC38A9 full length or empty
vector, respectively, followed by SDS-PAGE and immunoblotting. mTORC1 activity was assessed by determining the phosphorylation status of S6K. (G) RHEB
GTPase knockdown shown in panel F was confirmed by RT-qPCR.

Amino Acid-Dependent mTORC1 Regulation by SLC38A9

July 2015 Volume 35 Number 14 mcb.asm.org 2489Molecular and Cellular Biology

http://mcb.asm.org


SLC38A9 was required to retain amino acid-sensitive association
with Rag proteins. Endogenous SLC38A9 colocalized with lyso-
somes and Rag-Ragulator complex components. Overexpression
and depletion of SLC38A9 stimulated and inhibited mTORC1
activity, respectively, under fed conditions, while knockdown of

SLC38A9 rendered cells effectively insensitive to changes in amino
acid availability. Intriguingly, in the absence of SLC38A9, mTOR
failed to translocate from the lysosome to the cytosol in response
to amino acid starvation. Thus, our data confirm the two initial
studies of Rebsamen et al. and Wang et al. (25, 26), collectively
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demonstrating that SLC38A9 functions as a lysosomal amino acid
transporter and regulates mTORC1 activity via the Rag-Ragulator
complex.

Several amino acid transporters of the SLC protein family have
been implicated in mTORC1 regulation. For example, SLC1A5
and SLC3A2 control mTORC1 activity specifically upon glu-
tamine transport (38), while inhibition of amino acid transport
through SLC38A2 activates mTORC1 (40). However, the plasma
membrane localization of SLC1A5, SLC3A2, and SLC38A2 makes
them ineligible for sensing amino acids at lysosomes. In contrast,
SLC36A1, an amino acid and proton symporter, localizes to the
plasma membrane and intracellular membranes, such as the lyso-
some (41, 42). Since SLC36A1 was reported to interact with Rag
GTPases (43) and to be required for mTOR recruitment to the
lysosomal surface (43), SLC36A1 has been suggested to regulate
mTORC1 activity as an amino acid transceptor. However, the fact
that the amino acid preferences of the SLC36 protein family for
alanine and proline do not match those amino acids that are in-
volved in regulating mTORC1 activity (38, 41, 44) argues against a
role of SLC36A1 as a lysosomal amino acid sensor for mTORC1.
Several members of the SLC38 family have been shown to trans-
port glutamine (45–52), which, together with arginine and leu-
cine, stimulates mTORC1 activity (15, 38, 39). As established re-
cently, SLC38A9 transports amino acids, although with
conflicting amino acid preferences. Whereas Rebsamen et al.
showed transport activity of SLC38A9 for glutamine (25), Wang et
al. demonstrated arginine transport (26), while leucine could
compete for the transport of both amino acids (25, 26). Consistent
with these findings, our study revealed that replenishment with
leucine, arginine, or glutamine following amino acid starvation
failed to activate mTORC1 in the absence of SLC38A9, suggesting
that SLC38A9 is required for the signaling availability of several
different amino acids to mTORC1. Concurrent with a function as
an amino acid transporter (25, 26) at the lysosome, only SLC38A9
encompassing the transmembrane domain associated with Rag
proteins in an amino acid-sensitive manner, whereas the N-ter-
minal, cytosolic fragment of SLC38A9 lacked this feature. Thus,
several lines of evidence indicate that SLC38A9 is a transmem-
brane protein implicated in amino acid-dependent regulation of
mTORC1.

Exactly how SLC38A9 signals amino acid availability to the
Rag-Ragulator complex currently is not clear. Our observation
that association between SLC38A9 and Rag GTPases is amino acid
sensitive suggests that the domains mediating this interaction un-
dergo conformational changes in response to amino acid avail-
ability. The amino acid-transporting transmembrane domain of
SLC38A9 would be an obvious candidate for inducing a switch
between different conformational states. In support of this hy-
pothesis, overexpression of the cytosolic domain of SLC38A9
alone was sufficient to stimulate mTORC1 activity. Moreover,
binding of the cytosolic domain of SLC38A9 to Rag GTPases was
independent of amino acids. Thus, uncoupled from its transmem-
brane domain, the cytosolic domain of SLC38A9 might be locked
in the activating conformation.

Cycling of mTOR between cytosol and lysosome generally is
coupled to its inactive and active states, respectively, and depends
on Rag GTPases, Ragulator, TSC, and RHEB GTPase (9, 16, 23,
31). Surprisingly, depletion of SLC38A9 retained inactive
mTORC1 at the lysosome under amino acid-fed and -starved con-
ditions, indicating that signaling amino acid depletion through

SLC38A9 is required for releasing Rag-Ragulator-bound
mTORC1 from lysosomal membranes. A possible scenario is that
differential binding of SLC38A9 to Rag and/or LAMTOR proteins
primes Rag-Ragulator-bound mTORC1 for activation by induc-
ing structural rearrangements in this complex. While the compo-
sition of all three complexes did not change in the absence of
SLC38A9, it remains possible that conformational changes within
and altered binding affinities among the complexes result in the
retention of inactive mTORC1 at the lysosome. A second possi-
bility is that SLC38A9 contributes to recruitment or spatial orga-
nization of RHEB to mTORC1 given that SLC38A9 overexpres-
sion-induced hyperactivation of mTORC1 was decreased upon
RHEB GTPase depletion. Since lysosomal recruitment of TSC2 by
the Rag GTPases is necessary to release mTORC1 to the cytoplasm
upon amino acid starvation dependent on RHEB GTPase (31), we
further hypothesize that SLC38A9 depletion affects the RHEB
GAP TSC. Alternatively, as SLC38A9 preferentially binds to the
Rag mutant heterodimer in which RRAGB and RRAGC are GDP
and GTP locked, respectively, SLC38A9 could also regulate the
GEF activity of the Ragulator complex, thereby stimulating
mTOR release to the cytoplasm. In support of this hypothesis, we
found that overexpressed myc-tagged LAMTOR2 increasingly
binds to Rag GTPase heterodimers when SLC38A9 is depleted.
Thus, loss of SLC38A9 could lead to hyperactivated GEF activity
of the Ragulator complex and retention of mTOR on the lyso-
somal membrane. Clearly, further studies are needed to evaluate
these hypotheses and to fully decipher how SLC38A9 contributes
mechanistically to amino acid sensing and signaling to mTORC1.

mTORC1 activity depends on the intracellular position of lyso-
somes, which in turn is dependent on the intracellular pH (33, 53).
Perinuclear positioning of lysosomes retain inactive mTORC1 us-
ing mild starvation conditions, while nutrient replenishment
causes the redistribution of lysosomes to the cellular periphery
accompanied by increased mTORC1 activity (33). Upon
SLC38A9 depletion, lysosomes seem to cluster more in the peri-
nuclear region, which would be consistent with mTORC1 inactiv-
ity. As SLC38A9 amino acid transport is pH dependent (25), it also
might be involved in the proper distribution of lysosomes by sens-
ing intracellular pH or by influencing transport proteins, given
that we found many trafficking proteins associated with SLC38A9.

Based on the current findings, we propose the following work-
ing model for SLC38A9. Under fed conditions, SLC38A9 trans-
ports amino acids and signals their presence via association of its
cytosolic domain with the Rag-Ragulator complex. This in turn
recruits mTOR to the lysosomal surface, where it is activated by
RHEB. Under starvation conditions, the interaction between
SLC38A9 and the Rag GTPases is tightened, possibly by a confor-
mational change within the cytosolic domain of SLC38A9 induced
by the absence of amino acids sensed by the transmembrane do-
main region of SLC38A9. The altered interaction between
SLC38A9 and Rag proteins in the absence of amino acids may
induce the release of mTORC1 to the cytoplasm via an unknown
mechanism where mTORC1 resides in an inactive state. In the
absence of SLC38A9, mTOR translocates to the lysosome but can
neither be efficiently activated under fed conditions nor be re-
leased to the cytosol in its inactive form when cells undergo amino
acid starvation (Fig. 9F).

Thus, our work adds to the compelling evidence that reveals
SLC38A9 as a lysosomal amino acid transporter regulating
mTORC1 activity. Given that mTORC1 kinase activity is deregu-
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lated in many cancers (1) and that 60% of approved drug targets
are membrane proteins (54), SLC38A9 may serve as a new target
to control mTORC1 activity.
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